Background: Acute kidney injury (AKI) is a clinical syndrome characterized by significant morbidity and a high death rate. Interleukin (IL)-27 is a newly described member of the IL-6/IL-12 heterodimeric cytokine family and displays anti-inflammatory and antiapoptotic properties. Objectives: To determine the effect and mechanism of IL-27 in AKI. Method: We used a mouse model of renal ischemia/reperfusion (I/R) injury to investigate whether IL-27 has a therapeutic potential for the treatment of AKI. For the IL-27 administration group, IL-27 protein was injected 1 h before ischemia. Human proximal tubular epithelial cells were exposed to ischemia for 2 h and followed by 2 h of reperfusion (I2h+R2h treatment) used as an in vitro model to investigate the effect of IL-27. Results: Two IL-27 subunits, Epstein-Barr virus gene 3 and p28, were upregulated in kidneys 24 h after I/R. Renal expression of IL-27 receptor subunits (gp130 and WSX-1) was also increased. Treatment with IL-27 reduced structural/functional damages, ameliorated renal inflammation, inhibited the cleaved caspase-3 expression, upregulated antiapoptotic protein Bcl-2 and downregulated proapoptotic protein Bax in the kidneys of mice subjected to I/R. Meanwhile, the level of IL-27 receptor on renal tubular epithelial cells was
Introduction
Acute kidney injury (AKI) is a clinical syndrome characterized by significant morbidity and a high death rate, which occurs in 2-7% of the hospitalized population [1] . The incidence of hospital-acquired AKI is increasing and is imposing an economic burden on health care expenditures. Despite the recent advances in basic research, clinically therapeutic approaches for AKI are still not available, and the management is limited to supportive care, such as renal replacement therapy [2] . Therefore, novel therapies are urgently needed for preventing or minimizing AKI. The primary clinical causes of AKI include reduced renal perfusion, nephrotoxic drug effect and sepsis, among which ischemic reperfusion (I/R) injury is the most frequent reason [3] . Its pathogenesis includes inflammatory responses, apoptosis and necrosis in renal tubular cells. Several genes, such as the proapoptotic gene Bax and the antiapoptotic gene Bcl-2 also play essential roles.
Interleukin-27 (IL-27) is a newly described molecule in the IL-6/IL-12 family consisting of two subunits, Epstein-Barr virus gene 3 (EBI3) and p28 [4] . Antigen-presenting cells and endothelial cells are major sources of IL-27 production in response to host-or pathogenderived inflammatory cues [5] . IL-27 transmits signals through a high-affinity receptor complex consisting of the IL-27 receptor (WSX-1) and gp130 [6] . WSX-1 is the unique receptor for IL-27, whereas gp130 also senses signals from other cytokines including IL-6 and is widely expressed on immune and nonimmune cells. IL-27 shows suppressive effects on T-cell functions or differentiation and has recently been described as an immunosuppressive cytokine [7] . In addition, recent studies showed that IL-27 displays an antiapoptotic effect by predominantly activating signal transducer and transcription factor 3 (STAT3) [8] . It is noteworthy that treatment with exogenous IL-27 induced inhibitory immune responses and tissue protection in disorder models of myocardial I/R injury [9] , myocarditis [10] , osteoarthritis [11] , lung inflammation [12] and rheumatoid arthritis [13] . These studies revealed the therapeutic potential of IL-27 in inflammatory disorders.
However, the role of IL-27 in AKI has not been reported. Here, we used a mouse model of renal I/R injury to investigate whether IL-27 has a therapeutic potential for the treatment of AKI.
Materials and Methods

Animals
All animal experiments were carried out in accordance with Institutional Animal Care and Use Committee guidelines. In this study, wild-type male mice 6-8 weeks old (approx. 21 g) with C57BL/6J background were provided by Shanghai Jiao Tong University 9th Hospital Center laboratory. After anesthesia, an incision was made into the abdominal cavity to expose the kidneys, and renal I/R was imposed by clamping bilateral renal pedicles for 35 min. For sham-operated mice, kidney pedicles were subjected to the same procedure but were not clamped. Mice were randomized into four groups: sham, sham with recombinant IL-27 [14] [15] [16] . After 6, 12, 24, 48 and 72 h of reperfusion, the blood and kidney were collected for further analysis. An autoanalyzer (ADVIA2400, Siemens, Shanghai, China) was used to analyze blood urea nitrogen (BUN) and serum creatinine levels (SCr).
RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction
To analyze p28, EBI3, gp130, WSX-1, IL-17A, TNF-α, IL-10 and IL-6 gene expression, total RNA was extracted from the whole kidneys or cells using TRIzol (15596-026, Thermo Fisher Scientific, MA, USA). Total RNA (1 μg) was reverse transcribed using PrimeScript RT reagent kit (RR037A, TaKaRa Biotechnology, Kyoto, Japan). The resulting 50 ng of single-stranded cDNA of each sample was subjected to quantitative real-time polymerase chain reaction (RT-PCR). Real-time data were normalized against β-actin, and the relative change in mRNA expression was counted using the 2 -ΔΔC T method. The primer sequences are given in Table 1 .
Immunoblotting
Protein from kidney tissues or cells was extracted using RIPA buffer (P0013B, Beyotime, Shanghai, China). After assessing the concentration of protein with BCA Protein Quantifi- cation kits (P0012, Beyotime, Shanghai, China), protein samples were mixed with the sodium dodecylsulfate loading buffer (P0015L, Beyotime, Shanghai, China) and were further separated by sodium dodecylsulfate-polyacrylamide gels, which were transferred to polyvinylidene fluoride membranes for immunoblotting. After blocking, blots were incubated with specific primary antibodies as follows: Bcl-2 (ab182858, Abcam, MA, USA), Bax (ab32503, Abcam, MA, USA), STAT3 (ab68153, Abcam, MA, USA), phosphorylated STAT3 (pSTAT3; ab76315, Abcam, MA, USA), cleaved caspase-3 (9664, Cell Signaling Technology, Danvers, MA, USA) and β-actin (60008-1-Ig, Proteintech, PA, USA). Signals were detected using the enhanced chemiluminescence (P36599, Millipore, MA, USA) detection system after further incubation with corresponding horseradish peroxidase-conjugated secondary antibodies. ImageJ was used to quantify the images of Western blots.
Histopathology
The mouse kidney samples were fixed in formaldehyde, which were further immersed in 80% ethanol and subsequently embedded in paraffin. Paraffin tissue sections were dewaxed, rehydrated and dyed with periodic acid-Schiff (PAS) according to established protocols. Histological changes were viewed by light microscopy. The quantitative injury evaluation was recorded as described previously [17] : scored 0, normal; 1, below 10%; 2, 10-25%; 3, 25%-75%; and 4, over 75% of the area of interest. For each slide, at least 5-10 fields (×400 magnification) were viewed.
Cell Culture and Treatment
Human proximal tubular epithelial cells (HK-2) were purchased from the cell bank of the Chinese Academy of Sciences. Cells were cultured in Dulbecco's modified Eagle medium/ nutrient mixture F12 medium (DMEM/F12, 11330-032, GIBCO, MA, USA) containing 10% fetal bovine serum (FBS; 0100147, GIBCO, MA, USA) and 1% penicillin/streptomycin (03-031-1B, Bioind, Kibbutz Beit Haemek, Israel) in an incubator containing 5% CO 2 at 37 ° C. The in vitro model of I/R was carried out as follows: HK-2 cells were washed twice by phosphate-buffered saline, and cells were starved in a glucose-free DMEM (11966-025, GIBCO, MA, USA) in an anoxic chamber with 5% CO 2 and 95% N 2 for 2 h. Then cells were replaced with DMEM medium containing 10% FBS and with 21% oxygen for reperfusion for another 2 h. Control cells were cultured in normal DMEM/F12 medium (11330-032, GIBCO, MA, USA) with 21% oxygen [18] . To determine the potential effect of IL-27 in the in vitro model of I/R, HK-2 cells were starved for 12 h with complete DMEM/F12 without FBS, and 50 ng/mL recombinant human IL-27 protein (NGZ2716111, R&D Systems Inc., MN, USA) or phosphate-buffered saline were added to the cells at 16 h before I2h+R2h exposure according to previous studies [19] [20] [21] . For treatment with the STAT3 inhibitor, Stattic (30 μmol/L, S7024, Selleck, TX, USA) was added 2 h prior to the treatment with IL-27.
Flow Cytometry
Apoptotic cells were detected by flow cytometry using annexin V/propidium iodide apoptosis detection kit (V13242, Thermo Fisher Scientific, MA, USA).
Statistics
Data are presented as the mean ± standard error of the mean (SEM). We use GraphPad Prism version 5.0 software (GraphPad Inc.) to analyze and display the data. Data were analyzed by the 2-tailed t test for two groups when the data were normally distributed. For multiple comparisons, one-way analysis of variance was applied. p < 0.05 was evaluated to represent significance. 
Results
IL-27 and Its Receptors Were Upregulated in Kidneys after 24 h of Reperfusion
To detect the effects of IL-27 on the renal injury, we used a widely accepted animal model of kidney injury induced by I/R, which is a common cause of AKI. Figure 1A shows that the mRNA expressions of the two IL-27 subunits, EBI3 and p28, were increased in kidneys after 24 h reperfusion in I/R-induced AKI (approx. 5.6-fold and 2.7-fold, respectively). As shown in online supplementary Figure 1 (for all online suppl. material, see www.karger.com/ doi/10.1159/000503923), EBI3 and p28 mRNA levels were significantly elevated in the kidneys 24 h after reperfusion, then decreased 48 and 72 h after reperfusion, which was in parallel with the change of BUN and SCr levels. IL-27 exerts its biological effects through receptor complexes composed of gp130 and WSX-1, the gene expressions of which were also significantly elevated to approximately 4.4-and 2.5-fold, respectively, 24 h after I/R (Fig. 1B) . Together, these data indicate that the expressions of IL-27 and its receptors are increased in the injured kidneys which might play a role in I/R-induced AKI.
IL-27 Treatment Protects against I/R-induced Kidney Injury
Because the kidney expression of IL-27 receptors was elevated after I/R, we next explored the potential therapeutic effect of IL-27 in AKI. As shown in Figure 1 , the renal damages were less pronounced in the I/R group with IL-27 administration than that in the group with vehicle treatment. BUN and SCr levels, two parameters of renal function, were assessed. The IL-27 treatment decreased the levels of BUN and SCr in the I/R group by 46 and 36%, respectively Fig. 1C ). And the expression of kidney injury molecule 1 (Kim-1) significantly increased to 628.4-fold after I/R treatment, which decreased by 600-fold by IL-27 treatment (Fig. 1D ). PAS staining revealed that there was 57% less tubular injury in IL-27-treated kidneys as compared with that in vehicle-treated kidneys (Fig. 1E, F) . Altogether, these data indicate that IL-27 treatment protects against I/R-induced kidney injury.
IL-27 Treatment Attenuates Renal Inflammation after I/R
Imbalanced production of proinflammatory and anti-inflammatory cytokines is one of the pathological causes of renal I/R-induced injury. To further investigate the renal protection mechanism of IL-27, mRNA expression of cytokines in kidneys was determined by RT-PCR. As illustrated in Figure 2A , I/R resulted in the overexpression of IL-17A, tumor necrosis factor-α (TNF-α) and IL-6 (approx. 1,494.0-, 2.7-and 293.6-fold, respectively, compared to the sham group), and IL-27 administration significantly attenuated the production of these proinflammatory cytokines in the I/R group(approx. 1,148.6-, 1.2-and 150.2-fold, respectively, compared to the I/R with vehicle group). In contrast, IL-27 increased the expression of the anti-inflammatory cytokine IL-10 more than 150-fold compared to the I/R with vehicle group. Collectively, these data strongly support the notion that IL-27 induces an anti-inflammatory response in I/R-induced AKI. 
IL-27 Reduces Apoptosis after I/R in Kidneys
Apoptosis plays a vital role in I/R-induced tubular injury. To determine whether IL-27 treatment affects I/R-induced apoptosis, we measured the production of cleaved caspase-3 in the kidneys. The production of cleaved caspase-3 was significantly upregulated by I/R and was reduced in kidneys that received IL-27 treatment (Fig. 2B) . Moreover, proapoptotic protein Bax and antiapoptotic protein Bcl-2 in kidneys were analyzed by Western blotting. As illustrated in Figure 2D , the expression of Bax was significantly upregulated by I/R, which was reduced by IL-27 treatment. Meanwhile, the expression of Bcl-2 was enhanced by IL-27 treatment. The above data demonstrate that IL-27 treatment suppresses I/R-induced apoptosis in the kidneys.
IL-27 Exerts Antiapoptotic Function in Renal Tubular Epithelial Cells
As the death of renal tubular epithelial cells is a central mechanism of AKI, we investigated whether IL-27 could directly affect renal tubular epithelial cells. Our preliminary experiments showed the higher ratio of Bax/Bcl-2 in I2h+R2h than that in I2h+R0h (online suppl. Fig. 3 ). First, the expressions of IL-27 receptors, WSX-1 and gp130, in HK-2 cells were measured, and their expression significantly increased to 1.9-and 4.1-fold, respectively, after I2h+R2h treatment (Fig. 3A) . And as shown in online supplementary Figure 2A , the expression of Hif-α significantly increased after I2h+R2h treatment. Then HK-2 cells were treated with either recombinant human IL-27 or vehicle prior to I2h+R2h. Although IL-27 increased the expression of Hif-α (online suppl. Fig. 2B ), flow cytometry analysis showed that IL-27 administration attenuated I2h+R2h-induced epithelial apoptosis by 72% (Fig. 3B) . Meanwhile, IL-27 also reduced the Bax expression and increased Bcl-2 expression in the I2h+R2h group (Fig. 3C) . The observation was further quantified and confirmed by densitometric analysis. The expression of Bax in IL-27-treated cells was 41% less than that in control cells after I2h+R2h treatment. IL-27 treatment increased Bcl-2 expression by 244% after I2h+R2h treatment. And the ratio of Bax/Bcl-2 increased significantly 104% after I2h+R2h treatment, which decreased 82% by IL-27 treatment (Fig. 3D) . These data suggested that IL-27 exerts antiapoptotic effects in renal tubular epithelial cells under AKI conditions.
Activation of STAT3 Is Essential for the IL-27-Mediated Protective Role
IL-27 is reported to activate STAT3, which acts as a cell survival signal in AKI. We then investigated whether STAT3 activation is involved in the IL-27-mediated renoprotection. Increased expression of STAT3 and active pSTAT3 was found in renal tissues from I/R mice treated with IL-27 administration (Fig. 4A) . Consistently, STAT3 and pSTAT3 in the HK-2 cells was also increased by IL-27 (Fig. 4B ). As shown in Figure 4C , the STAT3 inhibitor Stattic blocked STAT3 activity in HK-2 cells. The antiapoptotic effects of IL-27 (as manifested by reduced Bax level and increased Bcl-2 level) were abrogated by Stattic. These data indicated that STAT3 activation is required for IL-27-mediated protection.
Discussion
The role of IL-27 in AKI is hardly known. In this study, we showed that recombinant IL-27 ameliorates renal I/R injury. The underlying mechanism relies to a large extend on IL-27 activating STAT3 in renal tubular epithelial cells (Fig. 5) .
The heterodimeric cytokine IL-27 is mainly produced by active dendritic cells and macrophages, which are involved in the pathogenesis of kidney I/R [22] . In our study, we found that the expression of IL-27 in kidneys was increased after I/R, which may be due to the influx of inflammatory cells in postischemia kidneys. Moreover, in our study we found that increased expression of IL-27 occurred at 24 h, a late time point after I/R, which may only exert minimal benefits at this time point, and exogenous delivery of IL-27 at an early time point such as 1 h before ischemia may give more benefits.
In this study, we showed that recombinant IL-27 attenuates kidney inflammation. The two receptors of IL-27, gp130 and WSX-1, were expressed on T cells, and IL-27 has been shown to influence the function of T-cell subsets [7] . In a mouse model of multiple sclerosis, IL-27 inhibited the proliferation of T-helper type 17 cells and the production of IL-17 through the activation of STAT3 and STAT1 [23] . Yoshimura et al. [6] found that exogenous IL-27 suppressed IL-17 production in a dose-dependent manner. In AKI, T cells are involved in the inflammatory process [24] . Although a direct effect of IL-27 on T cells in AKI is unknown, our present study provides evidence that exogenous IL-27 suppressed the expression of TNF-α, IL-6 and IL-17A, which are T-cell-related cytokines. Thus, it is possible that IL-27 regulates T-cell function and related cytokine secretion to attenuate AKI.
Besides inflammation, apoptosis is involved in pathological processes in kidneys after AKI [25] . Excessive apoptosis can lead to renal dysfunction and fibrosis [26] . Previous studies have shown that pharmacological inhibitors of apoptosis, such as 4-benzyl-2-methyl-1,2,4thiadiazolidine-3,5-dione and GSK3bs [27, 28] , exert renoprotective effects. Our data show that IL-27 inhibited apoptosis in AKI by increasing the expression of the antiapoptotic protein Bcl-2 and reducing the expression of the proapoptotic protein Bax in renal tubular epithelial cells.
The STAT signaling pathway plays an important role in renal disease [29, 30] , which was activated in the mouse model of I/R-induced AKI. Previous studies showed that genetic deletion of STAT3 signaling exacerbated renal function loss and pathological injury [31] . IL-27 was reported to be an important upstream regulator of STAT3 [32] . In our study, recombinant IL-27 increased STAT3 expression and promoted STAT3 phosphorylation both in vivo and in vitro. Pharmacological inhibition of STAT3 inhibited Bcl-2 expression induced by IL-27 in vitro. Thus, our data demonstrated that IL-27 exerts its antiapoptotic effect through both upregulation and activation of STAT3.
To date, there is no therapeutic approach available to prevent or treat AKI. Our study demonstrated the protective role of IL-27 in AKI by reducing kidney inflammation and apoptosis. Further research with inhibition or knockout/knockdown of IL-27 will be required to confirm its protective effect. Moreover, some researchers have stressed the importance of STAT1 activation response to IL-27 [33] , suggesting that the exact mechanism of IL-27 in AKI needs to be further investigated. 
